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Abstract
Surfaces contaminated with pathogenic microorganisms contribute to their trans-
mission and spreading. The development of "active surfaces" that can reduce or elim-
inate this contamination necessitates a detailed understanding of the molecular mech-
anisms of interactions between the surfaces and the microorganisms. Few studies have
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shown that, among the different surface characteristics, the wetting properties play an
important role in reducing virus infectivity. Here, we systematically tailored the wet-
ting characteristics of flat and nanostructured glass surfaces by functionalizing them
with alkyl- and fluoro-silanes. We studied the effects of these functionalized surfaces
on the infectivity of Influenza A viruses using a number of experimental and compu-
tational methods including real-time fluorescence microscopy and molecular dynamics
simulations. Overall, we show that surfaces that are simultaneously hydrophobic and
oleophilic are more efficient in deactivating enveloped viruses. Our results suggest that
the deactivation mechanism likely involves disruption of the viral membrane upon its
contact with the alkyl chains. Moreover, enhancing these specific wetting character-
istics by surface nanostructuring led to an increased deactivation of viruses. These
combined features make these substrates highly promising for applications in hospitals
and similar infrastructures where antiviral surfaces can be crucial.
Keywords
Inﬂuenza A, wettability, hydrophobic and oleophilic surfaces, coarse-grained molecular dy-
namics simulations, ﬂuorescence microscopy, nanostructured substrates
1 Introduction
Pathogenic microorganisms are abundant in the environment and their transmission may
occur through several paths including contact with contaminated surfaces.1 This route of
transmission provides a big opportunity for the development of surfaces with special coat-
ings, geometries or compositions that deactivate the microorganisms through contact and
reduce their spreading.2–8 The adsorption of microorganisms on surfaces involves several
non-covalent intermolecular interactions such as ionic, hydrophobic, double layer, van der
Waals, and hydrogen bonding.9 Therefore, the interaction of surfaces with microorganisms
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as well as their eﬀects on the microorganism structure and activity can be tailored by tuning
their physicochemical characteristics.10 In the case of bacteria and enveloped viruses, their
lipid membrane constitutes an excellent target for deactivation since it is readily accessible.
It has been shown that compounds with lipophilic moieties can interact with the mem-
brane of bacteria and enveloped viruses, leading to their disruption.5,11–13 In particular,
studies using amphipathic compounds, such as antimicrobial peptides and graphene oxide
sheets, have demonstrated their strong eﬀect on the bacterial membrane. The former trig-
gers lipopeptide-based responses on the bilayer structure, including changes in order and
curvature, whereas the latter leads to lipid extraction that induces serious membrane stress
and signiﬁcantly reduces cell viability.5,14–16 Similarly, branched hydrophobic polycations
having long alkyl chains can be used as surface coatings to break the external membrane
of enveloped viruses.17 In all cases, the mechanism of disruption was ascribed to hydropho-
bic interactions. However, a systematic study that examines this mechanism as a function
of other physicochemical properties of the surface in addition to hydrophobicity is lacking.
Therefore, whether additional surface characteristics exist that also play a role in microor-
ganism disruption is unclear. Studying the mechanism by which substrates with diﬀerent
wettability can interact with the lipid envelope of bacteria and viruses is thus timely and
important since it can allow the design of new and more eﬀective antimicrobial surfaces.
The wetting properties of surfaces can be tailored by functionalization with self-assembled
monolayers (SAMs) of non-reactive molecules and also through micro/nano-structuring. Sev-
eral treatments have been proposed for modifying the wetting properties of substrates in
various applications, and to provide them with protective, self-cleaning, anti-fouling and
anti-icing characteristics.18–25 Here, we focused on hydrocarbon and ﬂuorocarbon silanes
since they are widely used for tuning the wettability of oxide materials and, moreover, they
can serve as model systems and fundamental starting points for the development of new sur-
faces with antiviral properties.17,26,27 We ﬁne-tuned both the hydrophobic/hydrophilic and
oleophobic/oleophilic character of glass substrates by depositing SAMs of hydrocarbon and
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ﬂuorocarbon silanes having diﬀerent chain lengths, and studied how the wetting properties
of these surfaces aﬀect the integrity and infectivity of Inﬂuenza A viruses, a model system
for enveloped virus.
We found that hydrophobicity alone is insuﬃcient to describe the eﬀect that a surface has
on the integrity and infectivity of Inﬂuenza A viruses. Instead, hydrophobic and oleophilic
interactions simultaneously play a major role in reducing viral infectivity. Molecular dynam-
ics simulations of a variety of SAMs interacting with simple lipid vesicles provided additional
insight into the molecular mechanism that led to lipid membrane disruption, and conﬁrmed
that highly hydrophobic and oleophilic coatings are the most eﬀective in virus disruption.
Real-time ﬂuorescence microscopy observations further suggested that the viral particle splits
apart upon contact with these surfaces, likely due to the disruption of the lipid envelope.
Importantly, wetting properties were enhanced in nanostructured coatings with respect to
their smooth counterparts, such that the use of nanostructured surfaces treated with hy-
drophobic/oleophilic SAMs demonstrated the strongest virus deactivation eﬀect.
2 Experimental section
2.1 Surface functionalization
Substrates for self-assembled monolayers (SAMs) deposition were, ﬁrstly, cleaned by 5 min
ultrasound treatments in acetone, ethanol, 3% solution of Deconex OP121 in milliQ H2O, and
milliQ H2O. Successively the surfaces were activated by 30 min exposure to UV-O3 cleaning
treatment, 30 min dipping in a diluted base piranha solution (H2O:H2O2:NH3=5:5:1, used
only with ﬂat surfaces), and 10 min exposure to O2 plasma. 1 mm thick glass slides were used
for the infection activity measurements, while 0.1 mm thick glass slides were for the real-time
imaging. SAMs of trichloro(methyl)silane, trichloro(propyl)silane, trichloro(hexyl)silane,
trichloro(octyl)silane, trichloro(dodecyl)silane, trichloro(octadecyl)silane have been formed
on the substrates by wet chemistry, using a 5 mM solution in toluene.28 Trichloro-(3,3,4,4,5,5,
4
Page 4 of 29
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
6,6,7,7,8,8,8-tridecaﬂuorooctyl)-silane and trichloro-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,
12,12-henicosaﬂuorododecyl)-silane have been deposited by thermal evaporation. Both hy-
drocarbon and ﬂuorocarbon silanes were from Sigma-Aldrich. In order to characterize the
wetting properties of the substrates, the water and hexadecane contact angles were measured
and averaged at three diﬀerent positions on the surface of samples.
2.2 Viruses and Fluorescent Labelling
Inﬂuenza A virus X-31 was purchased from Charles River Laboratories (INFLUENZA X-31,
A/AICHI/68). For these experiments, the puriﬁed product delivered as 2 mg/ml solution
was used. Inﬂuenza A viruses are roughly spherical particles, ranging from 80 to 120 nm in
diameter. The external membrane is composed by a lipid double layer characterized by the
presence of approximately 500 spike-like projections, which are the envelope glycoproteins
haemagglutinin (HA) and neuraminidase (NA).29 To label with lipophilic dyes, the viruses
were incubated with a 25 mM 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD,
molecular Probes) solution in 50 mM HEPES buﬀer (pH 7.4, 145 mM NaCl) for 2 hours
at 22°C. Unbound dye was removed via buﬀer exchange into the HEPES buﬀer using gel
ﬁltration columns NAP5 (GE Healthcare Life Sciences).
2.3 Real-time imaging of fluorescent labelled viruses
The behavior of viruses in contact with the functionalized surfaces was monitored in real
time with a custom-built wide-ﬁeld ﬂuorescence microscope system based on an inverted
Olympus IX71 microscope frame and equipped with a 100X 1.4 numerical aperture (NA) oil
immersion objective. The slide was mounted on the microscope stage and 50-100 µl of X-31
virus solution (2 mg/ml) diluted 1:104 with 50 mM HEPES buﬀer (pH 7.4) containing 145
mM NaCl, 2% Glucose and 1% solution of Glucose oxidase and Catalase, were deposited
on the surface with a micropipette. In addition, in order to have a reference image of
disrupted viral particles, a control test was performed by imaging the eﬀect of a detergent
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(1% sodiumdodecylsulfate (SDS) solution in water), able to disrupt the viral envelope, on
viruses absorbed on bare glass surface. Live imaging was performed by using a laser light
at 647 nm from a multichannel argon-krypton laser (Spectrum IC70, Coherent) for exciting
DiD (excitation peak: 647 nm, emission peak: 669 nm). The emitted light was collected by
the same objective and ﬁltered by an emission ﬁlter (ET705/72m, Chroma) and imagined
onto the EMCCD (Andor Technology) camera at a frame rate of 500 ms per frame.
Fiji, an open source image processing package, released under the General Public Li-
cense,30 was used for analysing the movies obtained from the ﬂuorescence real-time imaging.
The dimensions of large ﬁeld of view images and videos were 40x40 µm2, while zoomed
pictures on single virus were 7.5x7.5 µm2.
2.4 Cell culture
African green monkey kidney cells (BS-C-1, American Type Culture Collection, ATCC) were
maintained in culture using a complete growth medium (Minimum Essential Medium Eagle
with Earle’s salts and nonessential amino acids plus 10% (vol/vol) FBS, 2 mM L-glutamine,
and 1 mM sodium pyruvate; a penicillin streptomycin mixture was added to prevent bacterial
contaminations) at 37°C and 5% CO2. Cell culture media were purchased from GIBCO (Life
Technologies). For the virus infectivity experiments, cells were plated on 8-well Lab-Tek 1
chambered coverglass (Nunc) at a seeding density of 20000-50000 cells per well.
2.5 Virus infectivity test
In all the experiments, the clean glass is used as reference substrate and the as prepared
virus solution as positive control. The infection activity of the latter was evaluated at
each set of experiments and the resulting percentage of infected cells was used as maximum
value for the normalization of the data recorded during the experiment set. The infection
activity of viruses after contact with the functionalized surfaces was evaluated using a two
steps procedure. First a polystyrene media chambers was ﬁxed on the functionalized surface
6
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of the microscope slide using LOCTITE® Super Glue. Successively, 200 µl of X-31 virus
solution (2 mg/ml) diluted 1:103 with modiﬁed Minimum Essential Medium (MEM), without
L-Glutamine, HEPES and Phenol Red, from GIBCO (Life Technology) were added to the
wells and left incubating 30 min. Afterwards, the virus solution was recovered and put in
contact with the cell plated on the 8-well Lab-Tek 1 chambered coverglass (see section "Cell
culture"). The growth medium was replaced with the virus solution and the infection process
was left going on for 30 min at 37°C and 5% CO2. Finally, the virus solution was removed
from the cells and replaced with a modiﬁed MEM, with L-glutamine and Phenol Red, without
HEPES, and containing 10 µg/mL trypsin. At this point the cells were left incubating for
two days at 37°C and 5% CO2. At the end of the incubating period, the infection extent is
measured by means of the commercial kit D3® Double Duet™ DFA (Diagnostic Hybrids, Inc.,
USA), which contains viral antigen-speciﬁc murine monoclonal antibodies that are directly
labelled with R-Phycoerythrin (excitation peaks = 490 nm and 565 nm, emission peak =
575 nm). Moreover, Fluoroshield histology mounting medium (Sigma-Aldrich), with 4,6-
diamino-2-phenylindole (DAPI, excitation peak = 360 nm, emission peak = 460 nm), is used
for labelling the cell nuclei.
The evaluation of the infection degree in cell cultures that were infected with virus solu-
tions was done by calculating the ratio between the number of infected cells and the total
of cells. Both numbers of cells were measured by imaging the cell culture with a Nikon in-
verted ﬂuorescence microscope equipped with a 20X objective (NA=0.5). The total number
of cells has been determined by illuminating the sample with the 405 nm laser that excites
the DAPI molecules used for labelling the cell nuclei. On the other hand, the number of
infected cells was obtained by illuminating the sample with the 561 nm laser in order to
excite the R-Phycoerythrin molecules used as label tag in the commercial kit D3® Double
Duet™ DFA. In each well, several images from diﬀerent area of the surface were captured in
order to have a statistically signiﬁcant number of data for each sample.
Fiji software was used for the counting of (no)infected cells in the recorded images.
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Successively, the ratios (number of infected cells)/(total number of cells), obtained for each
substrate, were normalized to the positive control and compared in boxplot graphs.
In addition, in order to conﬁrm the reliability of infectivity test results, two control ex-
periments were performed. First, using ﬂuorescence microscopy as described in section 2.3,
we have quantiﬁed the amount of virus adsorbed onto the diﬀerent surfaces during the period
they are in contact with the virus solution by counting the number of ﬂuorescent spots per
ﬁeld of view. The number of viruses on the surfaces was counted using the "Find maxima"
tool available in Fiji software and adjusting the noise tolerance until all the visible spots
were detected. Second, we have quantiﬁed the amount of virus contained in the solution
that we could recover from the diﬀerent surfaces by measuring the protein absorption peak
using a NanoDrop UV-Vis spectrophotometer. Similarly to the infectivity test procedure,
polystyrene media chambers were ﬁxed on the surface using LOCTITE® Super Glue. Suc-
cessively, 200 µl of X-31 virus solution (2 mg/ml) diluted 1:10 and 1:50 with 50 mM HEPES
buﬀer (pH 7.4) containing 145 mM NaCl were added to the wells (three replicates for each
sample) and left incubating 30 min. Afterwards, the virus solution was recovered and was
treated with 0.1% SDS (sodium dodecylsulfate) solution by adding 20 µl of 1% SDS solution
in H2O to 180 µl of the recovered virus solution. The protein quantiﬁcation was obtained by
measuring the solution absorbance at 280 nm with a Nanodrop 2000c system (Thermo Fisher
Scientiﬁc) and using a 70 µl UV-Cuvette micro (Brand). The conversion of absorbance to
amount of protein was directly calculated by the instrument software using default param-
eters. The diluted stock solution that has not been in contact with the surface and treated
with SDS was the positive control. Moreover, the blank for the absorbance measurements
was made using the HEPES buﬀer employed for the dilution and containing 0.1% of SDS.
2.6 Molecular dynamics simulations
Simulations have been performed using the GROMACS v.4.5.5 software package31 and the
Martini v2.0 force ﬁeld corresponding to a 4-to-1 coarse-grained description of the simulated
8
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molecules32 that has been successfully applied to study a variety of lipid membrane phe-
nomena.33 The coated surface consists of an impenetrable 25x25 nm2 surface of 4900 ﬁxed
and regularly placed silica-like particles. In order to prevent water freezing in further steps,
surface heterogeneity is accomplished by randomly replacing a 10% of the silica-like particles
by similar but larger particles.34 Coatings of 50x50 attached molecules have been simulated,
which correspond to a lateral spacing of 0.5 nm, in accordance to experimental observations
for alkylsilane monolayers.35,36 Diﬀerent moieties varying the length and polar characteristics
are attached to the solid surface by ﬁxing their ﬁrst particle bead to the surface. Alkane
molecules of 1, 2 and 3 apolar beads are simulated linked to ﬁxed particles mimicking the
silane group that links the molecule to the surface. These three moieties would correspond
to silanes of butane, octane and dodecane, respectively. The polar coating has been built
by replacing the non-ﬁxed bead of the silane of butane by a polar bead. In order to mimic
the eﬀect of ﬂuorinated silanes, alkane beads are replaced by particles with the same apolar
character but 35% larger in radius according to what it is reported from detailed atomistic
simulations.37
The simulated vesicles were built with 614 POPC and 263 Chol molecules (30 mol%
of Chol), hydrated with 71552 water particles and conveniently equilibrated using a NpT
ensemble (T=310 K, p=1 bar). A 15% of anti-freeze waters32 was used in order to prevent
anomalous water freezing. The vesicle equilibrium size is about 10 nm in diameter, 427
POPC molecules forming the outer leaﬂet and 187 POPC molecules in the inner leaﬂet.
Chol molecules ﬂip-ﬂop frequently between the two leaﬂets, the inner layer being more con-
centrated in Chol (35-40 mol%). Both leaﬂets display a ﬂuid behavior, and no holes/pores
are observed. Water density inside and outside the vesicle becomes stabilized around 980
gr/l. Equilibrated vesicles are deposited on the top of the self-assembled monolayer and the
production runs are then performed. The initial distance between the vesicle and the coated
surface is so short (of the order of a few layers of water molecules) that the contact takes
place almost instantly. Periodic boundary conditions are applied in the x and y directions,
9
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temperature is ﬁxed to 310 K and the size of the x,y simulation plane is kept constant.
The surface particles and the ﬁrst beads of the self-assembled moieties are ﬁxed to their
original positions during the simulation. Electrostatic interactions were handled using a
shifted Coulombic potential energy form and charges were screened with a relative dielectric
constant ǫr=15. The time step was set to 20 fs. Due to the "smoothing" inherent to the
coarse-grained potentials, the eﬀective time scale is larger than the actual simulation time.
Here we used the standard conversion factor of 4,31 which is the speed-up factor needed
to obtain the correct diﬀusional dynamics of coarse-grained water particles compared with
real water molecules. Simulations of 4 µs have been performed for each monolayer/vesicle
system.
Water and oil wettability of the simulated surfaces have been analyzed by depositing a
box of 8x8x8 nm3 with 3800 water particles and a box with 950 hexadecane (HD) molecules,
respectively. Short simulations of 160 ns are enough to observe how water and HD wet the
monolayer. The same simulation protocols explained before have been used for the wetting
simulations. By computing the averaged proﬁles of equilibrium droplets and following a sim-
ilar procedure than in reference38 , the contact angles have been measured for all simulated
surfaces (Figure 2).
2.7 Surface nanostructuring
Glass nanostructured surfaces are fabricated by creating nanoscale metal masks on glass
followed by reactive ion etching of the latter. Ultrathin metal ﬁlms are ﬁrst deposited on the
ﬂat glass surface. In a subsequent and rapid thermal annealing step the metal ﬁlm is dewetted
into discrete nanoparticles. These metal nanoparticles are subsequently used as masks during
reactive ion etching of the surface. After removal of the metal masks, the surface is covered
by monolithically integrated nanopillars whose geometry could be controlled by the process
conditions. Details of the process could be found in reference39 .
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3 Results and discussion
3.1 Effects of hydrophobic surfaces on Influenza A infectivity
To determine the impact of substrate wetting on viral infectivity we developed a protocol
to measure the level of infection after viruses have been in contact with the functionalized
surface of interest (see Experimental section). Brieﬂy, we recovered the virus solution from
the surface after 30 mins of contact and infected BS-C-1 cells with the recovered viruses for
48 hours. We then determined the percentage of infected cells using a kit that contains a
mixture of ﬂuorescently labelled murine monoclonal antibodies directed against respiratory
viral antigens, while DAPI was used to stain the nuclei of all cells (Figure 1a). Clean bare
glass was used as reference and the infectivity levels were normalized to the value for the
stock solution that did not come in contact with any surface (taken as 100% infection). For
each substrate, the wetting properties were measured using the water contact angles (CAs)
(see Table S1). In addition, the amount of virus adsorbed onto each surface was counted
using ﬂuorescence microscopy (see Experimental section) and found to be several orders
of magnitude smaller than the total amount of viruses sampled in the infectivity test and
comparable among diﬀerent surfaces (68±6 for bare glass, 47±3 on (3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecaﬂuorooctyl)silane and 40±3 on (octadecyl)silane coated surface). The amount of virus
recovered from bare glass and functionalized surfaces was further quantiﬁed using NanoDrop
spectrophotometer and was similar among diﬀerent surfaces and almost at the level of stock
virus solution (Figure S1), indicating that there was very little virus lost due to adsorption.
Thus, virus adsorption to the surface likely does not play a signiﬁcant role in the changes
observed in infectivity.
Figure 1b shows the relationship between the infectivity for viruses that have been in
contact with glass surfaces modiﬁed with alkyl silanes R−Si(OH)3, R varying from −CH3
to −(CH2)17CH3, and the water contact angles measured on these substrates (see Experi-
mental section and Table S1). As it is evident from Figure 1b, hydrophilic surfaces did not
11
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which changed water wettability only moderately towards more hydrophobic. In these con-
ditions, the infection level was only slightly decreased compared to bare glass (Figure 1b).
A signiﬁcant decrease in the infection level was observed when using SAMs of longer alkyl
chain: −(CH2)5CH3, −(CH2)7CH3, −(CH2)11CH3 and −(CH2)17CH3 (6CH, 8CH, 12CH,
18CH) for which the water CA increased signiﬁcantly (Table S1). Overall, these results
indicate that the infection degree drops when the water CA is 100° or greater, characteris-
tic of a hydrophobic surface. As a further test, we substituted the alkyl- for ﬂuoro-silanes,
−(CH2)2(CF2)5CF3 and −(CH2)2(CF2)9CF3 (2CH6CF and 2CH10CF), which as expected
increased the CA with water. Surprisingly, despite the dramatic increase in hydrophobicity,
the infectivity decrease was lower than that observed with hydrocarbon functionalized sur-
faces (Figure 1c). This result suggests that the hydrophobic characteristics of a surface do
play an important, although not unique, role in deactivating Inﬂuenza A viruses.
3.2 Molecular dynamics simulations of functionalized surface ef-
fects on viral envelope membrane
We realized that while the substitution of the alkyl- for ﬂuoro-silanes increased surface
hydrophobicity, it also rendered the surface more oleophobic as determined by measuring
hexadecane contact angle (Figure 1b and 1c; Table S1). To gain deeper insight into how the
combined hydrophobicity and oleophobicity may impact the molecular interactions between
the surfaces and the viruses and lead to virus inactivation, we performed molecular dynamics
(MD) simulations using a 4-to-1 coarse-grained (CG) description of the simulated molecules
(see Experimental section). To capture the salient features of the interaction between the
coated surfaces and Inﬂuenza A viruses, we modeled the virus as a small lipid vesicle repre-
senting its envelope. In addition, we replicated the substrate as a fused silica (SiO2) surface
on which silane molecules with diﬀerent moieties varying in length and polar characteristics
were attached by linking their silanol containing bead (Figure 2, black bead in CG molecules)
to the silica particles of the surface. Three hydrocarbon silanes R=(CH2)xCH3 (x=3, 7 and
13
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11), and their ﬂuorinated counterparts (ﬂuorocarbons) were simulated, as well as a polar
coating obtained by replacing the apolar bead of the shortest hydrocarbon moiety by a polar
particle bead (Figure 2). Although the simulations are performed in the typical spatiotem-
poral scales used in Martini-based simulations,33 it is important to note that the simulated
vesicles are much smaller than real Inﬂuenza viruses. However, they can be considered as
extremely simpliﬁed models for real viruses that serve as a benchmark systems to test the
adhesion/destruction eﬀect of the diﬀerent tested monolayer coated surfaces. For this pur-
pose, some vesicle membrane properties like in-plane ﬂuidity and mechanical stiﬀness are
likely more important than the vesicle size. In this respect, we used 30 mol% of cholesterol
in the simulated vesicles to provide them with highly ﬂuid and ﬂexible membranes similar to
those found for inﬂuenza virosomes.40,41 Finally, the wetting characteristics (hydrophobicity
and oleophobicity) of the monolayers were determined by simulating the behaviour of small
drops of water (polar) and hexadecane (organic non-polar, oil) deposited on top of each of
them (see Experimental section and Figure 2).
MD simulations revealed three distinct modes of action clearly explained by the combi-
nation of water and oil wettability (Figure 2). The ﬁrst mode, in which the vesicle was not
aﬀected by the surface (Figure 2, Mode 1), was observed on hydrophilic/oleophobic polar
silane coatings, having a very small water CA <10° and a large hexadecane CA >50°. In
this situation, no vesicle adhesion was observed since there was no energy gain by replac-
ing the surface contact with water by the contact with the hydrophobic parts of the lipid
vesicle molecules (Movie S1). In the case of the hydrocarbon monolayers corresponding to hy-
drophobic/oleophilic surfaces, we found a rather diﬀerent mode of action (Figure 2, Mode 2).
Shortly after the contact with the surface, the vesicle broke and a thimble-like intermediate
structure was formed, which progressively spread over the surface forming a lipid monolayer
of vertically-placed lipids on the top of the SAM (Movie S2). In this case, the interactions
between the surface and water molecules were replaced by more favourable contacts with
the hydrophobic parts of the lipid vesicle components leading to complete membrane dis-
14
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SAMs showed highly hydrophobic behaviour but also a signiﬁcant oleophobic character. In
this situation, the interaction between the coating moieties and the hydrophobic tails of the
membrane lipids was also penalized, so that an intermediate disruption eﬀect was observed.
A detailed analysis of the adhesion energy for the three reported cases can be found in Figure
S2.
Overall, the simulations are in direct agreement with the experimental results and pro-
vide a molecular level explanation as to why the optimal condition for virus deactivation
corresponds to surfaces that display simultaneously hydrophobic and oleophilic characteris-
tics.
3.3 Real time imaging of influenza A virus interaction with func-
tionalized surfaces
MD simulations demonstrated that the virus deactivation is caused by viral membrane dis-
ruption upon contact with the alkyl chains forming the SAM. To observe this process in
real time, we labeled the lipid membrane of inﬂuenza A viruses using a lipophilic dye (DiD,
see Experimental section) and imaged the interaction of individual viruses with the diﬀerent
surfaces using total internal reﬂection ﬂuorescence (TIRF) microscopy.
Figure 3 shows frames from a real time video of viruses interacting with bare glass and
18CH coated glass surfaces, respectively (Movies S4a-b and S6a-b). In both cases, individual
viruses can be observed to adsorb onto the surface and appear as diﬀraction limited spots
soon after adding the viral solution. In the case of glass, these viruses remained as single
diﬀraction limited spots throughout the whole observation period or until they unbound
from the surface and disappeared (Figure 3a-3d and Movies S4a-b). Similar behavior was
observed on hydrophilic and hydrophobic/oleophobic surfaces, which had little or no eﬀect
on the infectivity of the viruses (Movies S5a-b).
Interestingly, in the case of hydrophobic/oleophilic surfaces, the initial bright ﬂuorescent
viral particle started splitting into smaller pieces soon after the contact and the signal no
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viral membrane, the real time imaging suggests that the lipid bilayer was disrupted upon
interaction of the viruses with hydrophobic/oleophilic surfaces. Indeed, previous live-cell
single virus tracking studies using the same labeling strategy showed that this ﬂuorophore
can leak out of the viral membrane and spread into a larger area in living cells only after the
fusion of the viral membrane with the membrane of acidic endosomes.42,43 Prior to this fusion
event, the ﬂuorescence signal remains conﬁned to a diﬀraction limited spot as we observe on
bare glass. Once fusion of the two membranes takes place, the ﬂuorescence spreads into a
larger area of the endosome.42,43
3.4 Design and development of highly hydrophobic/oleophilic sur-
faces through nanostructuring
Based on the above results, we aimed to develop new functionalized surfaces that could
enhance simultaneously hydrophobicity and oleophilicity. To this end, we took advantage
of surface nanostructuring that can be easily achieved using metal dewetting techniques39
(Figure 4a). When the nanostructured surface was coated with the −(CH2)2(CF2)5CF3
(2CH6CF), both water and hexadecane contact angles increased compared to the ﬂat glass
with the same coating. Although hydrophobicity was enhanced, the simultaneous increase in
oleophobicity led to a similar virus deactivation capability compared to the ﬂat counterpart
(Figure 4b).
On the other hand, when the nanostructured surface was coated with −(CH2)11CH3
(12CH), the nanostructures rendered the surface superhydrophobic (water CA from 110° to
154°) as well as more oleophilic (hexadecane CA from 39° to 26°) compared to the ﬂat glass
coated with the same molecule. This surface led to a dramatic reduction in the infectivity
level of viruses to below 10% (Figure 4b), the strongest deactivation capacity observed among
all the surfaces tested. We hypothesize that this phenomenon is likely due to the relative
diﬀerences of wetting regimes of the two phases - water and virus - on the nanostructured
surface. With ﬂuorocarbon coating over nanostructured surface, both hydrophobicity and
18
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healthcare environment.44
4 Conclusions
Surface contaminated with pathogenic microorganisms are known to contribute to their
transmission and spreading, especially in sensitive environments like health care infrastruc-
tures. As reported in literature, the Inﬂuenza A viruses can remain active up to nine hours45
and even days in case of pandemic types.46 As a consequence, new surfaces or coatings that
could reduce or completely eliminate microorganism adsorption and/or transmission are de-
manded for these speciﬁc real world applications; and, in this context, it is important to
know and understand the nature of the interactions between microorganisms and surfaces.
Our results provide important insights into the nature of the interaction between Inﬂuenza
A viruses, a model system for enveloped viruses, and glass surfaces functionalized with self-
assembled monolayer of chemically non-reactive compounds. Combining several approaches,
including the simulation of the adhesion and disrupting actions of the diﬀerent coatings,
the experimental measurements of the infection level of viruses after their contact with the
diﬀerent substrates, and the real-time ﬂuorescence imaging of viruses on each surface, we
were able to elucidate the molecular mechanisms involved in the interaction of viruses with
surfaces having tailored wetting properties. The experimental and simulation results were in
excellent agreement and allowed us to suggest the design of new and more eﬀective coating
strategies.
Our results demonstrated that the combination of hydrophobic and oleophilic features
is key for disrupting the lipid bilayer of the Inﬂuenza A virus and for rendering it unable
to infect mammalian cells. The use of alkyl-silane coatings revealed the importance of hy-
drophobicity on the capacity of a surface to deactivate viruses: in the simulations, longer
alkyl moieties resulted in more hydrophobic substrates and a stronger damaging action lead-
ing to complete vesicle destruction. This mechanism was in accordance with the real-time
20
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imaging results showing, for long alkane monolayers, the spreading of the ﬂuorescence signal
associated to the viral envelope upon contact with the surface (Figure 3). Interestingly,
the same destruction mechanism was proposed for the inactivation of Inﬂuenza A virus
by hydrophobic polycations having twelve carbon alkyl chains as hydrophobic moieties.17
Moreover, ﬂuorescence microscopy studies on giant unilamellar vesicle adhesion and fusion
to interfaces led to the development of a model in which the hemifusion process drives the
vesicle disruption and the formation of a dense monolayer of lipids on the surface.47
Increasing hydrophobicity by the use of equivalent ﬂuorocarbon silanes, however, did not
increase its destructive eﬀect. A similar eﬀect was observed in a slightly diﬀerent context for
ﬂuorinated antimicrobial peptides, which have reduced antimicrobial activity when they are
highly ﬂuorinated.48 At this point, MD simulations revealed that ﬂuorinated coatings dis-
played a signiﬁcant energy penalty for the contacts between the tips of the molecules forming
the monolayer and the hydrophobic lipid tails that impeded membrane disruption. For this
reason, the oleophilic/oleophobic character of the surface coating has to be simultaneously
considered. Simulation and experimental measurements of the water and hexadecane contact
angles on the diﬀerent surfaces showed that the higher destructive mode and lower infec-
tion degree were observed on hydrophobic and oleophilic substrates. This suggests that the
low aﬃnity of water for hydrophobic surfaces and the high attraction of phospholipid tails
towards oleophilic surfaces are the driving forces that trigger virus envelope disruption.49
Importantly, we experimentally demonstrated that boosting these wetting characteristics by
nanostructuring the surfaces maximized their destructive eﬀect on Inﬂuenza A virus.
Overall, our results give new insights into the role of the wetting properties of functional-
ized surfaces on their eﬀect on enveloped viruses that come in contact with them. Moreover,
and due to the bilayer nature of the viral envelope, this strategy might likely be extended
to bacterial microorganisms also enclosed by lipid membranes, and will be subject to fur-
ther studies. These results constitute the basis for guiding the design and development of
new surfaces with higher antiviral activity that can be important for applications in public
21
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and/or sensitive environments such as in hospitals.
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free of charge via the Internet at http://pubs.acs.org.
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